Abstract. The activation method for 99 Mo production in comparison to fi ssionable target irradiation in research reactors is less preferable. Therefore,
Introduction
The medical community has been weighed down by 99 Mo shortages due to aging of reactors such as the National Research Universal (NRU) reactor in Canada and elsewhere. There are currently no US producers of 99 Mo, and NRU is scheduled for shutdown in 2016, which means that another 99 Mo shortage is expected unless a potentially domestic 99 Mo producer fi lls the shortage.
The most routine methods of 99 Mo production are either by 98 Mo(n,) 99 Mo reaction or by 235 U(n,f) 99 Mo fission process; the highest specific activity of 99 Mo among all production methods is achieved by the second process [1, 2] .
Currently, solid target plates are used for the production of 99 Mo. The targets are generally either miniature Al-clad fuel plates or pins containing U-Al alloy or a thin fi lm of UO 2 coated on the inside of a stainless steel tube; these kinds of the targets have been used since 1980s [3] [4] [5] . In these targets, the separation of 99 Mo from the other fi ssion products contained inside the target after irradiation is done by the target dissolution with either alkali or acid material.
However, recently some research centres have directed their attention toward liquid target application instead of the previously mentioned solid ones.
Argonne National Laboratory (ANL) is assisting two potential domestic suppliers of 99 Mo by examining the results of uranyl nitrate and uranyl sulphate solutions used for 99 Mo production. At ANL, uranyl nitrate and uranyl sulphate solutions have been irradiated at the Argonne 3 MeV Van de Graaff accelerator to study the effects of a high radiation fi eld on solution chemistry, specifi cally related to pH changes, peroxide formation, and molybdenum and iodine redox chemistry. The obtained results showed the effect of a high radiation fi eld caused by signifi cant pH changes in uranyl nitrate solution, which resulted from the radiolysis of nitrate [6] . SHINE Medical Technologies is developing a production method that uses a deuterium-tritium (D-T) neutron generator and a noncritical aqueous solution of LEU uranyl sulphate. After 5-7 days of irradiation and 8-10 hour cooling period, the irradiated solution runs through a 99 Mo recovery column. The effl uent is then recycled for the next irradiation. In addition, they illustrated that currently, uranyl sulphate is preferred because pH control due to generation of nitrate radiolysis products is required when irradiating nitrate solutions [7] .
Also, a thesis done at Delft University investigates a variation of this production method using uranium salt dissolved in water inside an U-shaped tube located within the reactor core. This U-tube is irradiated with neutrons coming from the Hoger Onderwijs Reactor (HOR) at the Reactor Institute Delf [8] .
Another work carried out at Argonne National Laboratory relied on accelerator-based production of 99 Mo via irradiation of uranyl sulphate solution. In the experimental work, LINAC (linear accelerator) was upgraded to 60 MeV; it operated at 35 MeV with 10 kW beam power on the target and 5-litre solution inside a stainless steel SS-304 vessel, irradiated with neutrons, which were generated through (,n) reaction in the tantalum target [9] .
Los Alamos Laboratory reported another experimental work on a potential method of 99 Mo production using uranyl sulphate liquid target. The uranyl sulphate liquid samples were irradiated via a new sample delivery and retrieval capability installed at the LANSCE facility. Neutrons were produced through a bombardment of a tungsten spallation target with 800 MeV proton beam. The neutrons from the spallation target were thermalized with a graphite annulus surrounding the sample. The thermal neutron fl ux at the sample location was measured with bare and cadmium-covered gold foils at 1.2 × 10 9 n/(cm 2 ·s) for an average beam current of 1.3 A [10] .
To sum up, the use of uranyl salt solution presents an attractive alternative to the conventional target irradiation method of producing 99 Mo [11] . Obviously, after the irradiation, 99 Mo recovery from the liquid targets is easier and faster than routine solid LEU targets. Meanwhile, the effl uent can be used for the next irradiation. Therefore, this work investigates the production potential of 99 Mo using uranyl sulphate liquid target irradiation in a 5 MWth nuclear research reactor.
Material and methods
In this work, general-purpose Monte Carlo N-Particle MCNPX 2.6.0 code has been used as a powerful particle transport tool with the ability to calculate steady-state reaction rates, normalization parameters, neutronic parameters, as well as fuel burnup using CINDER90 transmutation code to calculate the time-dependent parameters [12, 13] .
A cylindrical stainless steel container, which is fi lled with uranyl sulphate solution and a 3D neutronic model, was set up using the MCNPX 2.6.0 code in cold zero power situations by means of ENDF/B-VI continuous-energy cross section. The cross sections of S(, ) were used for the fuel solution and light water. KCODE card of the computational code was used for neutronic parameter calculations. In total, 1 500 000 particle histories were transported to decrease the calculation errors to less than 2%. The modelled liquid target specifi cations are presented in Table 1 .
In Fuel solution pH cannot be allowed to rise above pH 3; if it does, the precipitation of uranium and many fi ssion products will begin. In case of sulphate solution, several 14 M H 2 SO 4 drops can adjust the solution pH lower than the limitation value. However, if the pH is too low, 99 Mo recovery by ion exchange resin method is less effective [14] .
The sulphate aqueous solution contains 185 g/l of enriched U. A lower uranium salt concentration in the fuel solution results in a larger Kx for Mo(VI) and therefore a more effective and effi cient recovery of 99 Mo from such solutions can be obtained [14] . The cross section view of the modelled target located inside the irradiation box of a 5 MW research reactor is depicted in Fig. 1 and Fig. 2 .
The research reactor is a 5 MW-thermal (MWth) pool-type light water research reactor, which uses Al-U 3 O 8 low-enriched uranium (LEU) fuel plates and provides a thermal fl ux on the order of 10 13 n/(cm 2 ·s) in irradiation boxes. Axial neutron flux distributions inside the irradiation box with and without the modelled I activities were calculated for the irradiated liquid uranyl sulphate solutions at 5 MW power, 7-day burnup + 1-day cooling. Fission per absorption ratio, radiotoxicity of the irradiated targets and total deposited heat inside the irradiated targets were calculated and discussed.
In further investigations, 20% enriched uranyl sulphate liquid target was selected and impact of different concentrations of dissolved uranium in the liquid targets containing 185, 92, 55 and 26 g/l values on neutronic parameters and the radioisotope production rates were discussed.
Axial-deposited power distributions were calculated using the mesh tally card for the above--mentioned liquid targets containing different concentrations of 20%-enriched uranium. Average fi ssion per absorption ratio was calculated using F4 tally inside the uranyl sulphate solutions. Neutron spectra available inside the solution targets as well as the irradiation box were calculated and compared with each other. The reactivity of any liquid sample positioned inside the central irradiation box was determined. Whereas void formation inside the liquid sample is probable, its effect on the core reactivity fl uctuations was determined for the liquid targets containing 185, 92, 55 and 26 g/l, respectively.
Without application of any forced cooling system design in the central irradiation box, maximum concentration of uranium in the liquid target was determined to keep the peak temperature less than 100°C in natural cooling of the liquid target. The axial and radial temperature profi les were determined for the liquid target using FLUENT code. Burnup calculation of the liquid target was performed at a power of 5 MW for 7 days using the BURN card. Production rate of 99 Mo, 89 Sr, and 131 I radioisotopes after the burn-up time + 1-day cooling was investigated. Liquid sample geometry effects on temperature profi le were discussed.
The obtained specifi c activity of 99 Mo in this work was compared with the values obtained by the other methods. Different radiochemical processes for 99 Mo recovery from the spent uranyl sulphate solution were reviewed.
The code uses F4 tally card to calculate neutron fl ux via the following equation:
Deposite d heat in the irradiated targets was calculated using F6 tally card of the used code.
The tally computes the energy deposition using Eq. (2) [13] : (2) where  a is atom density [atoms/barn-cm],  g is gram density [g/cm 3 ] and H(E) is heating response (added over nuclides in a material). F6 tally for neutrons is calculated via: (3) where (4) and  T = total neutron cross section, E = incident neutron energy, P i (E) = probability of reaction i, E out = average exiting neutron energy for reaction i, Q i = Q-value of reaction i, E -i = average energy of exiting gammas for reaction i.
F6 tally for photons is calculated via the following equations: ( , , ) cm source particle
where i = 1 for incoherent (Compton) scattering with form factors, i = 2 for pair production, i = 3 for photoelectric [15] .
Burn card of the used code applies CINDER90 code, which originally was developed for the reactor physics community, while the code today spans applications ranging from reactor burnup over accelerator--driven transmutation to accelerator activation and to astrophysics in the evolution of elements and isotopes since the birth of the universe [16] . Mathematically, the material balance process can be described at any time by the following depletion equation: (7) where: dN i /dt = time rate of change in concentration of isotope i;  i N l = removal rate per unit of isotope i by decay [13] .
Radiotoxicity of a spent fuel or irradiated liquid uranyl sulphate target could be determined by the following equation: (8) where F d is dose factor and A is activity of an investigated material [17] . The liquid target radiotoxicity was determined by consideration of the following isotopes [239] [240] [241] [242] Pu, 
Results and discussion
Thermal neutron fl ux in order of 10 13 n/(cm 2 ·s) is available inside the irradiation box of the 5 MW reactor core. Insertion of the uranyl sulphate liquid target decreases the thermal neutron fl ux at the sample position due to absorption of thermal neutrons by highly concentrated uranyl sulphate solution (Fig. 3) .
Uranyl sulphate enrichment impacts neutronic parameters of the liquid target, and the different radioisotope production yields were investigated. Enrichment of the liquid sample containing 185 g/l of uranium was selected at 5, 10, 15 and 20%, respectively. The burn-up calculations showed that the higher enriched liquid target experiences higher fission per non-fission absorption in comparison with the 5, 10 and 15%-enriched samples. Hence, by using the higher-enriched liquid target, a nearly linear growth is observed in the production rate of the radioisotopes. Sr isotopes are not carrier-free, but 131 I would be a carrier-free product after a cooling time. Another advantage of higher-enriched liquid target application is reduction of radiotoxicity of the irradiated target. The calculations showed the higher-enriched liquid target could bear less radiotoxicity; it is related to a reduced production rate of [239] [240] [241] [242] Pu isotopes in the higher-enriched liquid target than the others ( Table 2) .
The radially deposited power inside the liquid 20%-enriched uranyl sulphate target was determined using the computational code. The calculations showed peak of the deposited power is ~70 W/cm 3 in case of the liquid target bearing 185 g/l of uranium. Clearly, a reduced concentration of uranium will result in a reduced experienced power deposition by the liquid target. The 26 g/l concentration resulted in a maximum radial deposited power of 11.64 W/cm 3 inside the liquid target located in the irradiation box of the research reactor (Fig. 4) . In addition, in axial direc- 
tion, the liquid targets experience an approximately constant value of deposited power except upper and lower sections of the liquid targets, which obviously receive less power deposition (Fig. 5) . Different uranium concentrations were investigated for the 20%-enriched uranyl sulphate solution. Previous calculation showed that higher-enriched liquid targets are more preferable for radiotoxicity reduction of the irradiated target and higher yield of the fi ssion products after irradiation. As the above illustrations have shown, lower uranium concentrations could simplify the recovery of 99 Mo or other fi ssion products from the irradiated solution. The calculations showed that by reduction of uranium concentration of 185 g/l to 26 g/l, the 99 Mo production yield decreases by a factor of 9.2. The results show that enhancement of the dissolved uranium concentration causes an exponential growth of the yield of fi ssion products (Table 3) .
The presented data in Table 3 The available spectra inside the irradiation box and liquid targets were compared with each other. As it is seen in Fig. 6 , the thermal neutron fl ux decreased inside the liquid target because of neutron absorption by the liquid uranyl sulphate; higher uranium concentrations resulted in higher thermal neutron fl ux reduction. In addition, as it is seen in Fig. 7 , the decrease of axial thermal neutron fl ux is higher in case of higher concentrated uranyl sulphate target. The modelled 5 MW research core handles up to 700 pcm of induced reactivity. Therefore, the reactor remains safe even if the transient is introduced by rapid insertion of target at its position. As Fig. 8 shows, the investigated liquid uranyl sulphate targets induce a positive reactivity of about 94 to 407 ± 32 pcm in the modelled core.
Bubble formation inside the liquid target during the 7-day irradiation is probable. Hence, its effect on effective multiplication of the research core should be determined. The computational data showed the liquid target containing higher concentrations of uranium could result in lower reactivity coeffi cients. However, the least concentration (26 g/l) resulted in average value of +1.5 pcm/%void reactivity coeffi cient, which is insignifi cant for the modelled research core (Fig. 9) .
Whereas the liquid sample thermal conductivity is very poor in comparison with metal uranium sheets (LEU solid targets), which is used for 99 Mo production alternatively, maximum concentration of uranium in the liquid target was determined to keep a temperature peak of less than 100°C. Different aqueous homogeneous reactors, which operate in range of 2-2.5 W/cm 3 power density have a temperature of 70-80°C [18] . Obviously, the investigated 26-186 g/l (20.8-151 W/cm 3 ) concentrations need a special cooling system design to keep the temperature limit. The computational data showed a 0.42 g/l of uranium dissolved in the liquid sulphate target with 4 × 15.5 cm (diameter × height) dimension generates 300 W (1.61 W/cm 3 ), which is shown in its temperature profi le as a peak at 110°C in the radial direction of the investigated sample. Otherwise, only 9.23 Ci of 99 Mo is produced in the liquid target after 7 days of irradiation (Fig. 10) .
Hence, to improve thermal hydraulics of the liquid target, the area to volume ratio was increased from 1.17 to 2.34. So, seven tubes with 1.6 × 15.5 cm dimension were used instead of one tube with 4 × 15.5 cm dimension. The seven tubes contained 3.13 g/l of uranium. Any tube experiences 3.88 W/cm 3 during irradiation in the central box of the research reactor. Thermal hydraulic calculations showed that peak of temperature inside the liquid samples is 72°C. The axial and radial temperature profi les show that the seven tubes could keep temperature limit to avoid liquid sample boiling during the irradiation (Fig. 11) .
Also the computational data showed the seven tubes containing uranyl sulphate solution provide 57 Ci of 99 Mo after 7-day burnup, which results in 12.27 six-day Ci of 99 Mo. The produced activity is As previous mentioned, 98 Mo(n,) and 235 U(n,f) reactor-based reactions are the most favourable 99 Mo production method, which could generate the highest specifi c activity of the product in comparison with the accelerator-based production methods. According to the literature, a production rate of 2-76 Ci/g-- 98 Mo has been reported for 99 Mo production via 98 Mo target irradiation in 14-54 MW nuclear reactors [19] .
Mohammad et al. [20] investigated neutronic analyses and depletion calculations for the production of 99 Mo in Pakistan PARR-1 reactor. Analysis has been performed with 20% enriched 235 U plate type target (U-Al). Their calculation showed the method has the potential to produce 99 100 Mo target of 10 cm 2 area, which degrades the deuteron energy from 50 to 20 MeV, a specifi c activity of 4.0 Ci/g is achieved. The specifi c activity is comparable with the specifi c activity of 1.5 Ci/g for the 99 Mo obtained by the 98 Mo(n,) activation method at a 10 14 n/cm 2 s fl ux in a 6-day irradiation [21] .
The fi ssion of 235 U provides 99 Mo in very high specifi c activity, typically greater than 5000 Ci/g [22] . The 98 Mo(n,) 99 Mo has low specifi c activity, which makes it inconvenient in the extraction of 99m Tc. In addition, the procedure results in additional cost in comparison with the fi ssion of 235 U. However, it requires much longer time than the 98 Mo (n,) 99 Mo for target cooling and after processing [23] .
Rosental and Lewin [24] explained the 99 Mo production using high-current alpha beam induction on 96 Zr target as another new method. They demonstrated the method could produce high specifi c activity of 99 Mo (higher than 100 kCi/g).
Overview of 99
Mo recovery of fi ssion products available in uranyl sulphate solution Among different separation methods, liquid extraction could be regarded as more suitable method for recovery of 99 Mo from the irradiated uranium sulphate solution [25] .
Alumina sorbents (Al 2 O 3 ) are typically used for the recovery of 99 Mo from uranyl sulphate solutions containing LEU; however, their low capacities for Mo(VI) in concentrated uranium salt solutions is a drawback of this method [26] .
A titanium oxide (TiO 2 ) sorbent has a higher selectivity and capacity for 99 Mo in concentrated uranyl sulphate LEU solutions than alumina. In addition, the adsorbed 99 Mo can be stripped from the sorbent using a concentrated ammonium hydroxide solution [27] .
However, Mo recovery from titanium oxide is slightly easier from nitrate media compared to sulphate media. This is due to the fact that sulphate competes more strongly with molybdenum for titanium oxide adsorption sites than nitrate. In addition, a plant-scale Mo recovery column would be about 25% larger for uranyl sulphate solution compared to an uranyl nitrate solution [3] .
In addition, it is reported that separation effi ciency using titanium oxide sorbents can be greater than 90% at concentrations from 150 g U/l to 300 g U/l [28] .
In another work done by Wu et al. [29] , uranium solutions were prepared by dissolving uranyl nitrate in sulphuric acid solutions. The solution was irradiated in the 'Lazy Susan' facility with a thermal neutron fl ux of 3.4 × 10 12 n/s·cm 2 at TRIGA reactor of the University of Illinois (USA). Recovery and purifi cation of 99 Mo was carried out by its precipitation with -benzoin oxime. The obtained results showed that 98-100% recovery yield could be obtained by a solution of 1 M H 2 SO 4 and 0.5-2 M UO 2 (NO 3 ) 2 , using this method, in which 99 Mo separation via participation method was done by mixture of HNO 3 , H 2 SO 4 , and -benzoin oxime [29] .
Conclusion
Molybdenum 99 Mo and other radio medical--interesting isotopes could be produced effi ciently by irradiation of fi ssionable targets in a research reactor. This procedure is being performed by several centres using Al-UO 2 metal sheets (LEU solid targets). Some research centres have been turned their attention toward liquid uranyl sulphate or nitrate samples instead of utilizing the metal sheet. Simpler and shorter time of 99 Mo recovery makes the procedure more attractive. Nevertheless, poor thermal hydraulic of the liquid targets limits the presence of higher concentrations of the dissolved uranium in the liquid sample and therefore reduces the radioisotope production yield noticeably in comparison with metal sheets of uranium, which are used in the form of LEU solid targets. Liquid sample geometry optimization could compensate for the drawback somehow. To obtain higher 99 Mo production yields, higher concentrations of uranium in the liquid sample are need. However, for such a sample, designing a special cooling system is required to keep the boiling temperature within the liquid target.
